The nociceptin receptor (NOPr), a member of the opioid receptor family, is a target for the treatment of pain and drug abuse. Nociceptin/orphanin FQ (N/OFQ), the endogenous peptide for NOPr, not only modulates opioid antinociception, but also blocks the rewarding effects of several abused drugs, such as morphine, cocaine, and amphetamine. We hypothesized that NOPr agonists, with bifunctional activity at the -opioid receptor (MOPr), may function as nonaddicting analgesics or as drug abuse medications. Bifunctional small-molecule NOPr agonists possessing different selectivities and efficacies at MOPr were evaluated in an acute thermal antinociception assay, and for their ability to induce conditioned place preference (CPP) and their effect on morphineinduced CPP.
istered N/OFQ and NOP agonists in antinociceptive assays are quite complex and seem to be region-and assay-specific. Initial observations that N/OFQ, when injected intracerebroventricularly into mice, led to a decrease in hot-plate (Meunier et al., 1995) and tail-flick latency (Reinscheid et al., 1995) , suggested that this peptide is pronociceptive. Ultimately, it was demonstrated that N/OFQ injected intracerebroventricularly blocked the stress-induced analgesia produced by the intracerebroventricular injection procedure, as well as antinociception induced by exogenously applied opioid agonists (Mogil et al., 1996a,b) . However, when given intrathecally, N/OFQ produces acute antinociception in the tail-flick assay (Xu et al., 1996; Yamamoto et al., 1997) . The small-molecule NOP agonist Ro 64-6198, when given intraperitoneally, and presumably activating NOPr in both the brain and spinal cord, reversed the antinociceptive effect of morphine in the tail-withdrawal assay (Kotlinska et al., 2003b) . In the hot-plate assay, however, Ro 64-6198 was shown to be antinociceptive and produced additive effects with morphine (Reiss et al., 2008) .
The N/OFQ-NOPr system also plays a significant role in the reward process and drug abuse, in particular. There is a high density of NOP receptors in areas implicated in drug abuse and reward (Neal et al., 1999) . N/OFQ has been shown to block the rewarding properties of several common drugs of abuse. In particular, N/OFQ blocks conditioned place preference (CPP) induced by morphine, cocaine, amphetamines, and alcohol, and the self-administration of alcohol (Murphy et al., 1999; Kotlinska et al., 2003a; Kuzmin et al., 2003; Ciccocioppo et al., 2004; Sakoori and Murphy, 2004) . However, unlike dynorphin and other agonists, N/OFQ is not dysphoric and does not induce a place aversion (Bals-Kubik et al., 1989; Devine et al., 1996) . The reward-attenuating activity of the N/OFQ-NOP system may be effectively harnessed to provide therapeutic benefit for treating drug abuse. Indeed, the small-molecule NOPr agonist Ro 64-6198 was shown to block both the acquisition and reinstatement of morphine and alcohol CPP in mice and alcohol self-administration in rats (Kuzmin et al., 2003; Shoblock et al., 2005; Kuzmin et al., 2007) .
MOPr agonists such as morphine are used extensively for the treatment of severe acute and chronic pain; however, their use is plagued with side effects such as dependence and tolerance. Because N/OFQ and NOPr agonists modulate opioid antinociception and opioid-induced reward, dual-targeted NOPr/MOPr ligands may provide a novel approach for developing nonaddicting analgesics and drug abuse pharmacotherapy. The concept of using mixed-action opioids for the treatment of pain and drug abuse is clinically validated. Mixed-action MOPr/KOPr opioids such as nalbuphine are used for the treatment of pain, without the abuse liability of pure MOPr agonists (Hoskin and Hanks, 1991) . MOPr/KOPr opioids also decrease cocaine self-administration in rhesus monkeys, and produce fewer side effects compared with pure KOPr agonists (Mello et al., 1993; Bowen et al., 2003) . NOPr ligands with multifunctional activity at other opioid receptors have not been actively investigated thus far. However, buprenorphine, a MOPr partial agonist and KOPr antagonist has been shown to have low efficacy at NOPr (Huang et al., 2001; Spagnolo et al., 2008) . Its NOPr agonist activity has been reported to be responsible for the attenuation of its antinociceptive activity at high doses (Lutfy et al., 2003) , and for the attenuation of alcohol consumption (Ciccocioppo et al., 2007) . Buprenorphine's NOPr agonist activity is also implicated in the reduction of cocaine use in dually addicted cocaine-alcohol addicts (Montoya et al., 2004) .
In a continuing effort to develop novel analgesics and drug abuse medications targeting the NOP receptor, we have focused our effort on discovering bifunctional NOPr/MOPr ligands, with the hypothesis that if NOPr agonist-MOPr agonist activities are present in the same molecule, the NOPr agonist activity may modulate the rewarding effects of the MOPr activity, thereby producing opioid analgesics that have a reduced addiction liability (nonaddicting analgesics). NOPr/MOPr agonists may also function as drug abuse medications with diminished dependence and withdrawal tendencies. We recently reported that SR16435, a nonselective NOPr and MOPr partial agonist, had potent antinociceptive activity in acute thermal pain. However, it also produced a CPP on its own, an effect mediated by its MOPr agonist activity and reversible by naloxone (Khroyan et al., 2007) . It is possible that the partial agonist efficacy of SR16435 at NOPr may not be sufficient to attenuate the rewarding effect of its MOPr activity. To explore the effect of NOPr versus MOPr selectivity and efficacy on the overall behavioral profile of such bifunctional ligands, we investigated three other NOPr/MOPr agonist ligands, with varying degrees of NOPr and MOPr efficacy and selectivity. We report here the acute antinociceptive activity of SR14150, SR16507, and SR16835. We also characterized their rewarding effects alone and their ability to attenuate morphine-induced reward. Our data show that the overall antinociceptive and antirewarding profile of these ligands depends on their selectivity between NOPr and MOPr, as well as intrinsic activity at these receptors. Although NOPr full-agonist activity is required to attenuate morphine-induced reward, a NOPr-selective NOPr/ MOPr partial agonist has antinociceptive activity without rewarding effects.
homogenized in 50 mM Tris, pH 7.5, by use of a Polytron homogenizer, then centrifuged once, and washed by an additional centrifugation at 27,000g for 15 min. Traynor and Nahorski (1995) . Cells were scraped from tissue culture dishes into 20 mM HEPES, 1 mM EDTA, then centrifuged at 500g for 10 min. Cells were resuspended in this buffer and homogenized by use of a Polytron homogenizer. The homogenate was centrifuged at 27,000g for 15 min, and the pellet was resuspended in buffer A, containing 20 mM HEPES, 10 mM MgCl 2 , 100 mM NaCl, pH 7.4. The suspension was recentrifuged at 27,000g and suspended once more in buffer A. For the binding assay, membranes (8 -15 g of protein) were incubated with [
35 S]GTP␥S (50 pM), GDP (10 M), and the appropriate compound, in a total volume of 1.0 ml, for 60 min at 25°C. Samples were filtered over glass fiber filters and counted as described for the binding assays. Statistical analysis was conducted by use of Prism.
In Vivo Characterization
Assessment of Acute Thermal Nociception. Tail-flick assay. Acute nociception was assessed by use of the tail-flick assay with an analgesia instrument (Stoelting Co., Wood Dale, IL) that uses radiant heat. This instrument is equipped with an automatic quantification of tail-flick latency, and a 15-s cutoff to prevent damage to the animal's tail. During testing, the focused beam of light was applied to the lower half of the animal's tail, and tail-flick latency was recorded. Baseline values for tail-flick latency were determined before drug administration in each animal. The mean basal tail-flick latency was 4.11 Ϯ 0.08 S.E.M.
After baseline measures, animals received a subcutaneous injection of their assigned dose of drug and were tested for tail-flick latencies at 10, 30, and 60 min after injection. Controls received an injection of vehicle before testing.
Drug regimen. Animals (n ϭ 8 -14/group) received injections of SR14150 (3.0 -15.0 mg/kg s.c.), SR16507 (0.3-1.0 mg/kg s.c.), or SR16835 alone (10.0 -56.0 mg/kg s.c.). A group of animals also served as positive controls and received 10 mg/kg morphine, whereas a second group of animals served as vehicle controls. SR14150 and SR16507 produced antinociceptive effects, so in follow-up experiments, these compounds were coadministered with 1 mg/kg naloxone to examine whether the antinociceptive effects could be reversed, and with 10 mg/kg the selective high-affinity NOPr antagonist SB-612111, (Zaratin et al., 2004) to examine whether the antinociceptive effects could be potentiated. This dose of naloxone has been shown to reverse the effects of morphine, whereas the dose of SB-612111 was chosen based on previous experiments in our laboratory (Khroyan et al., 2007) .
Statistical Analyses. Antinociception (% maximum potential effect; % MPE) was quantified by the following formula: % MPE ϭ 100 ‫ء‬ [(test latency Ϫ baseline latency)/(15 Ϫ baseline latency)]. If the animal did not respond before the 15-s cutoff, the animal was assigned a score of 100%. Behavioral results were analyzed by use of repeated measures ANOVAs with drug treatment (SR14150, SR16507, SR16835, morphine, SB-612111, and naloxone) as between group variables and after drug-injection time (10, 30, and 60 min) as the repeated measure followed by Student-Newman-Keuls post hoc tests where appropriate. The level of significance was set at P Ͻ 0.05.
Assesment of the Rewarding and Behavioral Effects of NOP Ligands Using the Place Conditioning (PC) Paradigm. PC apparatus. The apparatus consisted of rectangular Plexiglas chambers divided into two distinct equal-sized compartments (19 cm ϫ 22.8 cm ϫ 18 cm high; Lafayette Instruments, Lafayette, IN). One compartment had cedar-scented bedding underneath a bar grid floor, and all but the front walls were black. The other compartment had pine-scented bedding beneath a mesh floor, and all but the front wall were white. The front walls were transparent so that the animal's behavior could be monitored. A removable partition divided the two compartments. During conditioning, the compartments were divided by a solid partition. On the PC test day, the solid partition was replaced with a partition that had an opening, allowing the animal free access to both compartments. A video camera that was linked to a computer was mounted above the chambers and tracked the animals' movement. We have previously used this setup in several published studies (e.g., see Khroyan et al., 2007) . Previous experiments using this setup have indicated that the apparatus is unbiased, as untreated animals do not show a preference for one compartment over the other (unpublished observation).
PC training. Conditioning was carried out in four trials run over eight consecutive days. Each PC trial was composed of two sessions conducted over two consecutive days. During the drug session, animals received a subcutaneous injection of their respective drug and were confined to one of the compartments for 20 min. On the other day, the vehicle session, animals received an injection of vehicle and were confined to the alternate compartment for 20 min. A group of mice received vehicle in both compartments and served as controls. These two sessions were repeated over eight consecutive days such that animals received four drug sessions and four vehicle sessions. The particular compartment paired with the drug and the order of placement into the drug-paired versus saline-paired compartment was counterbalanced across groups.
Acute and repeated measures of global activity. During conditioning, overall activity of the animals after acute and repeated drug injection was recorded. These data were captured by the Spontaneous Motor Recording and Tracking software system (SMART; Panlab, Barcelona, Spain), a color image-capturing system that works in real time and tracks all the movements of the animal, for a given amount of time via a video camera connected to the computer. This system tracks and records all behavior that results in any movement/ positional changes, as a result of drug treatment. We term this as "global activity," because it encompasses fine movement, movement due to rearing, grooming, sniffing, and locomotor activity.
PC test day. Twenty-four hours after the last conditioning session, the animals were given access to both compartments simultaneously for 15 min, and the amount of time the animals spent in each compartment was recorded. No drug or vehicle was administered on the PC test day.
Drug regimen. Animals were assigned to groups (n ϭ 8 -14/group) receiving injections of SR14150 (1.0 -30.0 mg/kg s.c.), SR16507 (1.0 -3.0 mg/kg s.c.), or SR16835 (3.0 -10.0 mg/kg s.c.) alone. Animals were then immediately placed in the drug-paired compartment for 20 min. Positive controls received an injection of 15 mg/kg s.c. morphine immediately before placement in the drug-paired compartment. A separate group of animals served as controls and received vehicle injections before placement into either compartment. PC testing was carried out as described above.
To study the effects of SR compounds on morphine CPP, animals (n ϭ 7-8/ group) received a injection of SR14150 (1.0 and 10.0 mg/kg s.c.), SR16507 (1.0 and 3.0 mg/kg s.c.), or SR16835 (3.0 -30.0 mg/kg s.c.) 10 min before an injection of 15.0 mg/kg s.c. morphine, after which the animals were immediately placed into the drug-paired 956 Toll et al.
compartment. During the vehicle sessions, animals received two injections of vehicle (10 min apart) and were placed into the other compartment. PC testing was carried out as outlined above. The 10-min pretreatment time point is consistent with those reported in other similar studies (Shoblock et al., 2005) . Furthermore, from the tail-flick assay, we know that the behavioral effects of these compounds occur within this time frame.
To examine whether SR16835 attenuated morphine-induced reward via activation of the NOPr, a group of animals were given 10 mg/kg the NOP antagonist SB-612111 5 min before a injection of 10 mg/kg s.c. SR16835. Ten minutes later they received an injection of 15 mg/kg s.c. morphine and were placed immediately into their drug-paired compartment. During the vehicle sessions, animals received three injections of vehicle spaced similarly in time to mimic the drug sessions. PC testing was carried out as outlined above.
Statistical analyses. Drug-induced behaviors were analyzed by use repeated-measures ANOVAs with drug treatment (SR14150, SR16507, SR16835, morphine, naloxone, and SB-612111) as between subjects measures and injection day (first versus fourth) as a repeated measure. Significant interactions were further analyzed with one-way ANOVAs and post hoc tests. To examine sensitization effects, following a significant overall ANOVA, t tests were used to compare data after the fourth injection relative to the first. For the PC test day data, the percentage time animals spent in their drugpaired compartment was analyzed using one way ANOVAs and significant effects were further analyzed with post-hoc tests. A CPP was evident if animals spent significantly more time in their drugpaired compartment relative to control animals, whereas a conditioned place aversion (CPA) was evident if animals spent significantly less time in their drug-paired compartment. The level of significance was set at P Ͻ 0.05.
Results
Chemical structures of the NOPr agonists SR14150, SR16507, and SR16835 are shown in Fig. 1 . Table 1 shows in vitro binding affinities and functional activities of N/OFQ and the SR compounds at the NOPr, MOPr, and KOPr. SR14150 has 20-fold selectivity for NOPr over MOPr, and has partial agonist activity at both sites, as determined by stimulation of [ 35 S]GTP␥S binding. SR16835 is 7-fold selective for NOPr, is a full agonist at NOPr and a weak partial agonist at MOPr. SR16507 has approximately equal binding affinity at both NOPr and MOPr and functions as a full agonist at NOPr and a partial agonist at the MOPr.
Effect of SR14150 and SR16507 on Tail-Flick Latency, Potentiation by SB-612111, and Reversal by Coadministration of Naloxone. The effect of the moderately selective NOPr agonist SR14150 on tail-flick latency is shown in Fig. 2A . The overall ANOVA indicated that there was a significant interaction effect [F(6,60) ϭ 3.25, P Ͻ 0.05], suggesting that different doses of SR14150 produced different effects at the three post-drug-injection times (10, 30, and 60 min). The positive control morphine produced the anticipated increase in %MPE at all time points. The 3.0 mg/kg dose of SR14150 produced significant antinociception only at the 60-min postinjection time point. Animals that received the 10 mg/kg SR14150 showed an increase in tail-flick latency relative to vehicle controls at the 30-and 60-min postinjection time points, whereas 30 mg/kg SR14150 produced an increase in tail-flick latency at all postinjection time points. 100% MPE was observed at 30 mg/kg, the highest dose of SR14150. It should be noted that, at 30 mg/kg, the animals were not moving around and had a tendency to stay curled up, but they still had muscle tone and responded very rapidly to touch (qualitative observations immediately before testing).
The effect of the nonselective NOPr/MOPr agonist SR16507 on thermal antinociception is shown in Fig. 2B . The overall ANOVA indicated that the interaction effect was not significant, but that there was a main effect of dose [F(3,28) ϭ 14.97, P Ͻ 0.05]. Regardless of the postinjection time, the 1.0 and 3.0 mg/kg doses of SR16507 produced an increase in tail-flick latency relative to vehicle controls, whereas 0.3 mg/kg SR16507 only produced a modest increase in tail-flick latency at the 60-min postinjection time point. The effects of SR16507 were dose-dependent because 3.0 mg/kg produced a significantly greater increase in tail-flick latency relative to 1.0 mg/kg. Qualitatively, neither the 0.3 nor the 1.0 mg/kg doses of SR16507 produced a decrease in global activity at any of the time points before testing. However, the 3 mg/kg dose produced a pronounced decrease in activity, and the animals preferred to be still, but would still respond to touch. This effect was mainly visible at the 10-and 30-min postinjection time points, whereas at the 60-min time point, seven or eight animals were completely active and had activity levels similar to vehicle controls.
To determine the relative involvement of the MOPr and NOPr in the antinociceptive efficacies of SR14150 and SR16507, the animals were cotreated with the opioid antagonist naloxone and the NOPr antagonist SB-612111. The opioid antagonist naloxone (1 mg/kg) completely blocked the antinociceptive activity of SR14150 at both the 10 and 30 mg/kg doses (Fig. 3A) . Naloxone completely blocked the antinociceptive activity of the 1 mg/kg dose of SR16507, and partially blocked antinociception produced by 3 mg/kg (Fig. 3B) .
We also examined the relative involvement of NOPr in mediating antinociception of these bifunctional compounds. When the NOP antagonist SB-612111 was given as a pretreatment to SR14150, the antinociceptive effects of the 3 and 10 mg/kg doses were potentiated (Fig. 3C) . The antinociceptive effect of SR16507 is also potentiated by SB-612111 as we have shown recently (Khroyan et al., 2009) . Together these findings suggest that the antinociceptive effects of systemically administered SR14150 and SR16507 are mediated by their MOPr agonist activity and are attenuated by their NOP agonist component.
Effect of SR16835 on Tail-Flick Latency. The overall ANOVA indicated that the 7-fold selective NOPr agonist Effect of SR14150 on PC, Global Activity, and Morphine-Induced Behaviors. The effect of SR14150 on place conditioning is shown in Fig. 4A . None of the doses of SR14150 (1.0 -30.0 mg/kg) produced a significant CPP or CPA. However, animals that received 15 mg/kg morphine exhibited a significant CPP (P Ͻ 0.05), as expected.
The effect of SR14150 on global activity after the first and fourth injections is shown in Fig. 4B . The overall ANOVA indicated that there was a significant dose by injection day interaction [F(4,52) ϭ 5.3, P Ͻ 0.05]. SR14150 (1.0 -10.0 mg/kg) produced a decrease in global activity, relative to vehicle controls, that was evident acutely and after repeated administration (P Ͼ 0.05). Furthermore, sensitization to the hypoactivity effects of the 1.0 mg/kg dose of SR14150 was evident as a further decrease in activity after the fourth administration relative to the first injection (P Ͻ 0.05). As expected, morphine administration produced an increase in global activity after the first injection, relative to vehicle controls (P Ͻ 0.05). Furthermore, sensitization of morphineinduced global activity was also evident as an increase in activity after the fourth injection relative to the first injection (P Ͻ 0.05).
The effect of SR14150 on morphine-induced behaviors is shown in Fig. 4 , C and D. The 1.0 and 10.0 mg/kg doses of SR14150 did not have a significant effect on morphine-induced CPP (Fig. 4C) . However, SR14150 attenuated morphine-induced hyperactivity as shown in Fig. 4D . Behavioral sensitization was also not evident in the groups receiving SR14150 and morphine [F(2,24) ϭ 52.6, P Ͻ 0.05]. SR14150 produced a dose-dependent decrease in morphine-induced hyperactivity such that 10.0 mg/kg SR14150 coadministered with morphine produced a significant decrease in morphineinduced activity relative to the 1.0 mg/kg dose (P Ͻ 0.05).
Effect of SR16507 on PC, Global Activity, and Morphine-Induced Behaviors. The effect of SR16507 on place conditioning is shown in Fig. 5A . The overall ANOVA indicated a significant effect [F(3,33) ϭ 13.2, P Ͻ 0.05]. The group of animals that received 15 mg/kg morphine exhibited a significant CPP (P Ͻ 0.05). The 1.0 and 3.0 mg/kg doses of SR16507 also produced a significant CPP, similar to morphine (P Ͻ 0.05).
The effect of SR16507 on global activity after the first and fourth injections is shown in Fig. 5B . The overall ANOVA indicated that there was a significant dose by injection day interaction [F(3,33) ϭ 19.1, P Ͻ 0.05]. As shown previously, morphine administration produced an increase in global activity after the first injection relative to vehicle controls (P Ͻ 0.05). Furthermore, sensitization of morphine-induced global activity was also evident as an increase in activity after the fourth injection relative to the first injection (P Ͻ 0.05). Conversely, but similar to SR14150, the 1.0 and 3.0 mg/kg doses of SR16507 produced a decrease in global activity relative to vehicle controls (P Ͼ 0.05). After the first drug injection, both 1.0 and 3.0 mg/kg SR16507 produced a de- crease in global activity relative to vehicle controls, whereas only the 3.0 mg/kg dose produced a decrease after the fourth injection.
The effect of SR16507 on morphine-induced behaviors is shown in Fig. 5 , C and D. The 1.0 and 3.0 mg/kg doses of SR16507 modestly attenuated morphine-induced CPP ([F(2,22) ϭ 7.2, P Ͻ 0.05]; Fig. 5C ). As shown in Fig. 5D , SR16507 also attenuated morphine-induced hyperactivity [F(2,22) ϭ 8.4, P Ͻ 0.05]. Both the 1.0 and 3.0 mg/kg doses of SR16507 decreased morphine-induced hyperactivity after the first and fourth drug injections (P Ͻ 0.05). However, morphine-induced sensitization was not blocked by the 1.0 mg/kg dose because there was an increase in activity after the fourth injection relative to the first injection in animals given morphine and 1.0 mg/kg SR16507 (P Ͻ 0.05).
Effect of SR16835 on PC, Global Activity and Morphine-Induced Behaviors. The behavioral effects of SR16835 alone are shown in Fig. 6 , A and B. SR16835 alone did not produce a CPP or CPA relative to controls (Fig. 6A) . Likewise, the 3.0 and 10.0 mg/kg doses of SR16835 did not produce any changes in global activity relative to vehicle controls (Fig. 6B) .
The effect of SR16835 on morphine-induced behaviors is shown in Fig. 6 , C and D. SR16835 modestly attenuated morphine-induced CPP ([F(3,26) ϭ 10.1, P Ͻ 0.05] (Fig. 6C) . Post hoc tests indicated that only the two highest doses of SR16835 (10.0 and 30.0 mg/kg) produced a significant decrease in morphine-CPP relative to morphine alone (P Ͻ 0.05). In contrast, SR16835 did not alter morphine-induced hyperactivity nor did it alter morphine-induced sensitization at any of the doses tested (Fig. 6D) . The attenuating effect of 10 mg/kg SR16835 on morphine CPP was blocked by the coadministration of NOP antagonist SB-612111 (10 mg/kg), indicating that the inhibitory effect of SR16835 on morphineinduced reward is mediated through the NOP receptor (Fig. 7) .
Discussion
In the present study, we have determined the in vivo pharmacological profile of three NOPr agonists with differing selectivity and efficacy for the NOPr and MOPr, in a model of acute nociception (the tail-flick assay) and a model of reward Table 2. SR14150 is a high-affinity NOPr ligand that has 20-fold selectivity over MOPr and partial agonist activity at both MOPr and NOPr. SR14150 has antinociceptive activity in the tail-flick assay that seems to be caused by activation of MOPr, because it is completely blocked by coadministration of naloxone. This suggests that the MOPr partial agonist efficacy of SR14150 is sufficient to produce an acute antinociceptive effect. Furthermore, SR14150's antinociceptive effect was potentiated by cotreatment with the NOPr antagonist SB-612111, suggesting that the NOPr component in SR14150 is diminishing its MOPr-mediated antinociception. This result is not surprising, because the NOPr agonist Ro 64-6198 has been shown to decrease morphine antinociception (Kotlinska et al., 2003b) . A similar potentiation of buprenorphine's antinociceptive activity was also observed in acute pain assays, after cotreatment with the NOPr antagonist J-113397 (Lutfy et al., 2003) , and with NOPr antagonist SB-612111, as we demonstrated recently (Khroyan et al., 2009) Even though SR14150 shows MOPr-mediated antinociception, it is not rewarding in the place-conditioning paradigm (Fig. 4A) . One plausible explanation could be that the low efficacy of SR14150 at MOPr may not be sufficient to produce reward. However, other MOPr partial agonists with similar efficacies at MOPr, such as pentazocine and buprenorphine, have been shown to produce CPP comparable with that produced by morphine (Suzuki et al., 1991; Tzschentke, 2004; Marquez et al., 2007) . It is possible that CPP could be induced with higher doses of SR14150; however, significantly higher doses were impossible to test because of loss of muscle tone at higher doses of SR14150. Alternatively, given that N/OFQ and Ro 64-6198 block CPP of a number of abused drugs (Murphy et al., 1999; Kotlinska et al., 2003a; Kuzmin et al., 2003; Ciccocioppo et al., 2004; Sakoori and Murphy, 2004) , a more likely explanation is that the NOPr agonist activity present in SR14150 is attenuating MOPr-mediated reward. In these experiments, NOPr agonist activity is clearly present, because SR14150 administration produces hypolocomotor effects rather than hyperlocomotion, as do MOPr agonists such as morphine. Reduction in locomotor activity has been reported previously for the NOPr agonist Ro 64-6198 and with N/OFQ (Reinscheid et al., 1995; Higgins et al., 2001 ).
SR14150 did not affect the acquisition of morphine CPP (Fig. 4) , even though, at the same doses, it attenuated morphine-induced hyperactivity and behavioral sensitization. SR14150 has only partial agonist activity at NOPr, which may not be sufficient to reduce CPP produced by a high efficacy MOPr agonist, such as morphine.
The bifunctional ligand SR16507 has high binding affinity for both NOPr and MOPr and is a full agonist at NOPr and a partial agonist at MOPr. We hypothesized that when administered systemically, the increased agonist efficacy at NOPr would reduce both its overall antinociceptive activity and its rewarding properties. However, SR16507 has potent antinociceptive activity in the tail-flick assay at low doses. At higher doses, a loss of muscle tone confounds the assay; an effect mediated by its NOPr activity, because SB-612111 administration allows the animal to recover from the hypolocomotor effects of SR16507 (unpublished observation). Similar to SR14150, the antinociceptive activity of SR16507 was blocked by naloxone and, as we have shown previously (Khroyan et al., 2009) , potentiated by SB-612111.
SR16507 produced CPP alone but decreased global activity (Fig. 5B) . However, unlike the NOP partial agonist SR14150, SR16507 also modestly attenuated morphine CPP (Fig. 5A) . Therefore, functionally, the NOPr full agonist activity of SR16507 is sufficient to attenuate CPP induced by morphine.
Our third compound, SR16835 is a modestly (7-fold) selective NOPr full agonist, of slightly lower NOPr affinity than the other two compounds described here. It is noteworthy, however, that it has very low efficacy at the MOPr (Table 1) . Consequently, SR16835 does not produce MOPr-mediated behavioral effects such as antinociception and CPP. However, the full NOPr agonist activity of SR16835 is apparently sufficient to attenuate morphine CPP, similar to other full NOPr agonists SR16507, Ro 64-6198 (Shoblock et al., 2005) , and N/OFQ itself (Murphy et al., 1999) . Furthermore, the inhibition of morphine CPP by SR16835 is reversed by the selective NOPr antagonist SB-612111 (Fig. 7) , indicating that the reduction in morphine CPP by SR16835 is due to its NOPr agonist activity.
Our findings confirm and extend our previous studies on NOPr/MOPr mixed ligands (Khroyan et al., 2007; Spagnolo et al., 2008) . We had previously hypothesized that a compound that binds to both NOPr and MOPr would maintain antinociceptive activity via the MOPr, but the NOPr activity in the same molecule would attenuate the reward and reduce tolerance development. SR16435, a partial agonist at MOPr and NOPr, with high affinity to both receptors, is a potent analgesic with reduced tolerance development, but exhibits a CPP to the same extent as morphine (Khroyan et al., 2007) . We further hypothesized that either an increase in efficacy for the NOPr and/or a decrease in efficacy and/or affinity for the MOPr would be necessary to attenuate the rewarding effects of a bifunctional, nonselective NOPr/MOPr compound such as SR16435. This was borne out with SR14150 and SR16835, both of which have higher selectivity and efficacy at NOPr compared with SR16435, and lower affinity and efficacy at MOPr. The functional balance of NOPr partial agonist activity and reduced 
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MOPr agonist activity present in SR14150 may provide a profile of antinociceptive activity without rewarding effects. Higher doses of SR14150 produce hypolocomotor effects. Nevertheless, this type of compound could still be considered potentially viable as a nonaddicting analgesic, especially in light of the recent report on the selective NOPr agonist Ro 64-6198, which showed that Ro 64-6198 had significant antinociceptive activity without hypolocomotor effects when adminstered systemically in monkeys (Ko et al., 2009 ). This suggests that NOPr agonists show antinociceptive activity in higher species. Therefore, a compound like SR14150 may prove to be a successful analgesic with reduced or no addiction liability in humans. NOPr agonists are effective in decreasing the rewarding effects of drugs of abuse. Therefore, it was important to determine to what extent a reduction in MOPr affinity and an increase in NOPr efficacy was needed to produce a compound that attenuated the rewarding effects of morphine. SR14150, a partial agonist at NOPr was not rewarding on its own, but was unable to attenuate morphine CPP. However, NOPr full agonists SR16835 and SR16507 were both able to attenuate morphine CPP to some extent, even though the nonselective NOPr/MOPr agonist SR16507 produces CPP on its own. It seems, from our results, that full agonist activity at NOPr is required to reduce morphine CPP. Furthermore, because SR16835 is somewhat selective for NOPr in both binding and functional assays (Table  1 ) and has very low efficacy at MOPr, it selectively attenuates morphine CPP without having rewarding effects on its own. Therefore, it seems that a bifunctional NOPrselective full agonist may be useful to treat addiction, even though it may have low MOPr agonist efficacy. In fact, a small amount of MOPr agonist activity may actually decrease withdrawal and improve compliance in addicts, as does buprenorphine. Although several selective NOPr agonists and antagonists have been reported, they have not been effective on their own to treat either pain or addiction. Consequently, the ultimate clinical indications that may be remedied by "selective" NOPr agonists and antagonists have not yet been established. However, several "mixed" opioid ligands such as MOPr/KOPr agonists (e.g., nalbuphine and TRK-820) have been developed that have potent antinociceptive effects through the MOPr, but are less rewarding because of their activity at the KOPr (Hoskin and Hanks, 1991; Hasebe et al., 2004) . The KOPr has been shown to have an antiopioid effect with respect to mesolimbic dopamine release and reward. Because the NOP-N/OFQ system has also been shown to have a similar antiopioid effect, dual-targeted NOPr/MOPr ligands may provide a good combination for producing antinociceptive activity and balancing the side-effect profile of reward and tolerance. Our results demonstrate that the behavioral and pharmacological profile of NOPr/MOPr compounds depends on both intrinsic activity and selectivity at NOPr and MOPr, and such compounds have potential utility as medications for both pain and addiction. However, it should be noted that these compounds are not totally selective for NOPr and MOPr. Although the DOPr affinity of these compounds is very low (data not shown), they do have measurable affinity for KOPr, albeit significantly lower than for MOPr. Although unlikely based on the low affinity and efficacy at KOPr, one cannot completely rule out the possibility that KOPr activation may contribute to some of the pharmacological actions of our compounds.
MOPr partial agonists like buprenorphine have been used successfully to treat chronic pain and drug addiction. In fact, buprenorphine was recently shown to be efficacious in decreasing alcohol self-administration in rats (Ciccocioppo et al., 2007) and has been observed to decrease cocaine intake in dually addicted alcohol and opioid addicts (Montoya et al., 2004) . This effect of buprenorphine has been attributed to its NOPr agonist activity (Ciccocioppo et al., 2007) and is consistent with the effect of NOPr agonists on alcohol-and opioid-induced reward in rats and mice (Kuzmin et al., 2003; Shoblock et al., 2005; Kuzmin et al., 2007) . Increasing the balance of NOPr agonist activity, along with MOPr partial agonist activity, may provide compounds with an overall profile similar to or preferable to that of buprenorphine, and effective in treating drug addiction. The NOPr/MOPr balance of the bifunctional ligands reported here may be further modulated to explore this possibility. Our continuing studies to optimize the balance between the stimulation of the NOPr and MOPr may lead to the identification of clinically useful treatments for both pain and drug abuse. 
